Infection with genital human papillomaviruses (HPVs) is the primary cause of cervical cancer. The infection is widespread, and little is known about the secondary factors associated with progression from subclinical infection to invasive carcinoma. Here we report that HPV genomes are efficiently targeted in vivo by CpG methylation, a well-known mechanism of transcriptional repression. Indeed, it has been shown previously that in vitro-methylated HPV type 16 (HPV-16) DNA is transcriptionally repressed after transfection into cell cultures. By using a scan with the restriction enzyme McrBC, we observed a conserved profile of CpG hyperand hypomethylation throughout the HPV-16 genomes of the tumor-derived cell lines SiHa and CaSki. Methylation is particularly high in genomic segments overlying the late genes, while the long control region (LCR) and the oncogenes are unmethylated in the single HPV-16 copy in SiHa cells. In 81 patients from two different cohorts, the LCR and the E6 gene of HPV-16 DNA were found to be hypermethylated in 52% of asymptomatic smears, 21.7% of precursor lesions, and 6.1% of invasive carcinomas. This suggests that neoplastic transformation may be suppressed by CpG methylation, while demethylation occurs as the cause of or concomitant with neoplastic progression. These prevalences of hyper-and hypomethylation also indicate that CpG methylation plays an important role in the papillomavirus life cycle, which takes place in asymptomatic infections and precursor lesions but not in carcinomas. Bisulfite modification revealed that in most of the HPV-16 genomes of CaSki cells and of asymptomatic patients, all 11 CpG dinucleotides that overlap with the enhancer and the promoter were methylated, while in SiHa cells and cervical lesions, the same 11 or a subset of CpGs remained unmethylated. Our report introduces papillomaviruses as models to study the mechanism of CpG methylation, opens research on the importance of this mechanism during the viral life cycle, and provides a marker relevant for the etiology and diagnosis of cervical cancer.
Infection with genital human papillomaviruses (HPVs) is the primary cause of cervical cancer. The infection is widespread, and little is known about the secondary factors associated with progression from subclinical infection to invasive carcinoma. Here we report that HPV genomes are efficiently targeted in vivo by CpG methylation, a well-known mechanism of transcriptional repression. Indeed, it has been shown previously that in vitro-methylated HPV type 16 (HPV-16) DNA is transcriptionally repressed after transfection into cell cultures. By using a scan with the restriction enzyme McrBC, we observed a conserved profile of CpG hyperand hypomethylation throughout the HPV-16 genomes of the tumor-derived cell lines SiHa and CaSki. Methylation is particularly high in genomic segments overlying the late genes, while the long control region (LCR) and the oncogenes are unmethylated in the single HPV-16 copy in SiHa cells. In 81 patients from two different cohorts, the LCR and the E6 gene of HPV-16 DNA were found to be hypermethylated in 52% of asymptomatic smears, 21.7% of precursor lesions, and 6.1% of invasive carcinomas. This suggests that neoplastic transformation may be suppressed by CpG methylation, while demethylation occurs as the cause of or concomitant with neoplastic progression. These prevalences of hyper-and hypomethylation also indicate that CpG methylation plays an important role in the papillomavirus life cycle, which takes place in asymptomatic infections and precursor lesions but not in carcinomas. Bisulfite modification revealed that in most of the HPV-16 genomes of CaSki cells and of asymptomatic patients, all 11 CpG dinucleotides that overlap with the enhancer and the promoter were methylated, while in SiHa cells and cervical lesions, the same 11 or a subset of CpGs remained unmethylated. Our report introduces papillomaviruses as models to study the mechanism of CpG methylation, opens research on the importance of this mechanism during the viral life cycle, and provides a marker relevant for the etiology and diagnosis of cervical cancer.
Human papillomavirus type 16 (HPV-16) and related HPV types are carcinogenic, and persistent HPV, infection is a prerequisite in the etiology of most or even all cervical cancers (22, 38, 52) . Most women become infected by HPVs, and while some of these infections progress malignantly, most remain subclinical or lead only to precursor lesions. The factors that determine these outcomes are poorly understood. Transformation by HPVs depends on the oncoproteins E6 and E7, whose transcription is modulated by numerous transcription factors and epigenetic mechanisms (5, 18) . Tumor progression may result from stimulated oncoprotein expression through transcriptional induction by steroids (10, 17) , by deletion of transcriptional silencers (25) , or by integration of HPV genomes into cellular DNA (3, 40, 43) .
cis-responsive elements that regulate E6 and E7 oncogene transcription are spread throughout the long control region (LCR) of HPV-16, an 850-bp segment between the L1 and E6 genes. Transcription starts at the E6 promoter P97, which is regulated by one binding site for Sp1 and two for the HPVencoded factor E2 (11, 47) . The activity of P97 is stimulated by an enhancer with binding sites for several cellular factors, including AP1, NF1, and the progesterone receptor (1, 10, (16) (17) (18) . Two specifically positioned nucleosomes can form over the enhancer and promoter (42) and repress transcription when they are modified by histone deacetylases (HDACs). HDACs are associated with CDP, which binds a silencer between the enhancer and promoter (27, 30) . When HPV genomes integrate into cellular DNA during progression to malignancy, a nuclear matrix attachment region located downstream of P97 becomes a strong transcriptional stimulator (43) . Here we report that a well-known and potent epigenetic mechanism, the repression of transcription by methylation of DNA at CpG dinucleotides, targets HPV-16 genomes, with likely consequences for viral oncogene expression, the viral life cycle, and carcinogenic progression of HPV-16 lesions.
In mammals, DNA methylation mediated by a family of DNA-[cytosine-5] methyltransferases (DNMT1, DNMT3a, and DNMT3b) (28, 34) occurs at 2 to 4% of all cytosines located 5Ј to guanosine (CpG) (7) . CpGs are present in mammalian genomes at only 20% of the statistically expected fre-quency (39), suggesting adverse functional consequences of methylation as a cause for their loss during evolution. CpG methylation leading to gene silencing is involved in X-chromosome inactivation and genomic imprinting (31) . The rare case of tissue-specific gene expression mediated by CpG methylation has recently been confirmed (15) . Furthermore, CpG methylation is required for stabilization of the genome against recombination, which is implicated by the preferential methylation of repeated sequences (51) . During carcinogenesis, global hypomethylation and regional (CpG islands) hypermethylation (21) are frequently observed. CpG methylation represses gene expression either by preventing transcription factors from recognizing their cognate binding sites (36, 48) or by attracting proteins that bind methylated DNA (MeCPs) (20) , which recruit HDAC1 to condense adjacent chromatin.
Methylation of the genomes of the carcinogenic HPV types in situ has never been studied, but there is evidence for its potential involvement in the regulation of HPV transcription. First, CpGs are underrepresented in HPVs, similar to the situation in their human host. Second, when in vitro-methylated HPV-16 DNA was transfected into cells, it failed to express (37), similar to the EcoRI-resistant HPV-16 DNA studied in one specific cell line (24) . Third, methylation of the DNAs of HPV-1, which causes flat warts, and of cottontail rabbit papillomavirus was reported 20 years ago (9, 44, 50) , but this report was never followed up by systematic investigation of medically more important papillomaviruses. Here, we report findings from a study of CpG methylation of HPV-16 in cell lines and in clinical samples. We found that HPV-16 DNA is an efficient target for DNA methylation, that preferentially methylated regions are asymmetrically distributed over the genome, that methylation occurs at CpGs overlapping with the enhancer and promoter, and that the frequency of CpG methylation decreases during progressive stages of cancer. These observations suggest that CpG methylation is involved in the biology of HPV-16 as well as in the etiology of cervical cancer, where it may be as a diagnostic marker.
MATERIALS AND METHODS
Analysis of the DNA of cell lines. CaSki and SiHa cells originated from the laboratory of H. zur Hausen at the German Cancer Research Center, Heidelberg, Germany, where they were frozen in 1986 and freshly thawed for this study. Cellular DNA was purified with genomic tips (Qiagen). Fifteen and 150 ng of each of these DNAs were digested with HpaII and MspI (New England Biolabs), respectively, and, after heat inactivation of the enzymes, were amplified by PCR. For digestions with McrBC (New England Biolabs), 250 ng of SiHa or CaSki DNA was digested with 3 U of enzyme for 1 h at 37°C in 25 l of NE buffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl 2 , 1 mM dithiothreitol [pH 7.9]).
Clinical specimens. Brazilian samples (obtained by L. L.Villa) originated from cross-sectional studies in two cities in the northeastern part of the country and consisted of cervical scrapings and tumor biopsies. Cytological and histopathological analyses were done according to the Bethesda system. For smears classified as being "asymptomatic," ectocervical and endocervical cells were collected with a cytobrush. Tissue biopsies were classified as cervical intraepithelial lesions (cervical intraepithelial neoplasia I [CIN I] and CIN III) or invasive carcinoma and were digested with proteinase K prior to DNA isolation. DNA samples were purified by spin column chromatography and tested for the presence of HPV DNA by the MY09/11 PCR protocol for specific HPV types (6) . All specimens were number coded for the privacy of the subjects. Asymptomatic and precursor samples from New Mexico were obtained and characterized during published epidemiological research (32) . Invasive cervical cancer specimens were obtained from ongoing case-control studies (conducted by C. M. Wheeler) of the same population diagnosed between 1980 and 1999. In both countries, the original collection of clinical samples followed the respective guidelines for the protection of human subjects.
PCR. Table 1 122-94 CCTGTGGGTCCTGAAACATTGCAGTTCT a Amplicons G1 to G8 overlap and cover comprehensively the whole HPV-16 genome. Amplicons P2, P4, P5, and P11 were used to study specifically the enhancer-promoter-E6 segment. 8], 100 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol, 50% glycerol, 1% Triton X-100) (Promega), 2 mM MgCl 2 , and 0.75 U of Taq (Promega) with 25 or 0.25 l of SiHa or CaSki DNA, respectively, uncleaved or cleaved by McrBC. The PCR started at 94°C for 1 min, followed by 35 amplification cycles (denaturation at 94°C for 10 s, annealing at 58°C for 30 s, and extension at 68°C for 45 s, increasing by 10 s per cycle), with final extension at 68°C for 7 min. PCR with Taq Gold was carried out in a 25-l volume containing template DNA, 5 mM concentrations of dNTPs, 10 pmol of primers, 2.5 l of magnesium ion-free buffer supplied by the manufacturer (Roche), 2 mM MgCl 2 , and 1.25 U of AmpliTaq Gold (Applied Biosystems) under the following conditions: 94°C for 9 min, followed by 40 amplification cycles (denaturation at 94°C for 10 s, annealing at 58°C for 30 s, and extension at 68°C for 45 s, increasing by 10 s per cycle), with final extension at 68°C for 7 min.
Reverse transcription and PCR. RNA was prepared by using a Qiagen RNA kit. One microgram of RNA was primed with 5 pmol of oligo(dT) primer, topped up to 11 l with H 2 O, heated at 70°C for 10 min, and placed on ice for 5 min. A master mix containing 2 l of 10ϫ Moloney murine leukemia virus reverse transcriptase buffer (New England Biolabs), 100 mM dithiothreitol, 0.5 mM concentrations of each of the four dNTPs, 100 U of reverse transcriptase enzyme (New England Biolabs), and 20 U of RNase inhibitor (Roche) was added to each sample, followed by incubation for 50 min at 42°C. The enzyme was heat inactivated at 70°C for 15 min. PCR was carried out in a 25-l volume containing 0.2 mM concentrations of each of the four dNTPs, 10 pmol of primers, 2.5 l of buffer B (Promega), 2 mM MgCl 2 , 0.75 U of Taq polymerase (Promega), and 1.5 l of the cDNA preparation. The PCR started at 94°C for 2 min, followed by 25 amplification cycles (denaturation at 94°C for 10 s, annealing at 55°C for 30 s, and extension at 68°C for 45 s), with final extension at 68°C for 7 min.
Bisulfite sequencing. For mapping of methylated cytosine residues (14), DNAs were modified by a CpGenomeTm DNA modification kit (Intergen Inc.) and the reaction products were amplified with primers specific for modified HPV-16 DNA. Msp3F (genomic positions 4322 to 4348; ATTTGATATTATATTTAAG GTTGAA) and msp3R (4970 to 4946; AATAATTACAAAAACAAAATCT ACA) spanned part of the L2 gene. Msp4F (7498 to 7522; TAGTTTTATGTT AGTAATTATGGTT) and msp4R (161 to 140; ACAACTCTATACATAACT ATAATA) amplified a segment with the enhancer-promoter. The amplification products were directly sequenced with the same primers.
RESULTS

Most HPV-16 genomes of the cancer cell line CaSki, but not the single HPV-16 genome of SiHa cells, contain meCpGs.
With genome sizes of 7,900 bp and GϩC contents close to 40%, HPV genomes may be expected to contain about 400 CpG sites. However, the common papillomavirus types, HPV-6, -11, -16, -18, -31, and -45 (26) , have 160, 155, 112, 172, 122, and 154 CpGs, respectively. This lower-than-expected frequency, similar to what is found in the human host, suggests a function of CpGs in the biology of genital HPVs. Methylated CpGs (meCpGs) can be detected with the restriction enzymes HpaII and MspI. Both enzymes cleave the sequence CCGG, but CpG methylation inhibits cleavage by HpaII. Figure 1A shows the positions of two HpaII/MspI sites in the LCR and E6 gene of HPV-16.
The cervical carcinoma cell lines CaSki and SiHa contain about 500 genomes and a single genome, respectively, of HPV-16 integrated into the chromosomal DNA. The HPV-16 genome in SiHa cells is integrated by interruption of its E2 gene at positions 3132 and 3384, accompanied by deletion of 251 nucleotides of viral sequence (3) and 7.8 kb of the cellular DNA flanking the site of recombination (4). The HPV-16 genomes in CaSki cells are inserted in numerous loci. In most of these, HPV-16 is transcriptionally silent, while E6 and E7 transcripts stem from a single locus (49) , possibly due to an epigenetic repression mechanism. We confirmed that SiHa and CaSki cells express similar levels of E6 and E7 transcripts, in spite of the large excess of HPV-16 genomes in CaSki cells (3) (Fig. 1B and C) .
To determine whether CpG methylation may explain this observation, we analyzed the methylation statuses of the two HpaII/MspI sites in the LCR and the E6 gene, which are present in the PCR amplicons P5 (corresponding to the E6 gene), P2 (containing the LCR), and P11 (containing just E6 promoter sequences) in both DNAs. In the case of SiHa DNA, these amplicons could not be generated after cleavage with either of the two enzymes, while in the case of CaSki cells, most of the DNA was resistant to HpaII but was readily cleaved by MspI (Fig. 1D) (Fig. 2) . As expected from the HpaII/ MspI data, the LCR-E6 segment from positions 7145 to 559 could not be digested in SiHa DNA, indicating a lack of methylated targets. Most of this amplicon was digested in CaSki DNA and therefore methylated, while a reproducible weak undigested band indicated lack of methylation of some copies. Also, the segments 515-1528 and 1501-2526 were not cleaved in SiHa cells and were partially cleaved in CaSki cells, suggesting lack of and partial methylation, respectively, of the genomic region spanning the E7 and E1 genes. The amplicon between positions 2501 and 3501 could not be amplified with SiHa DNA, as expected from the recombination of this segment. Most of this amplicon was digestible with CaSki DNA. Three of the remaining segments (3471-4472, 5367-6370, and 6348-7143) were almost completely cleaved with both SiHa and CaSki DNA, while a fourth segment (4402-5402) was partially cleaved. This part of the genome, with the late genes L2 and L1, is apparently well recognized by the cellular methylation machinery. In SiHa, this segment is-due to the recombination-upstream of viral promoters and may be transcriptionally silent.
To examine whether one would find a similar distribution of McrBC cleavage in situ, we analyzed the DNA from a cervical carcinoma (tumor 6), our only DNA preparation among 33 tumor-derived DNAs which contained a strongly methylated LCR-E6 segment (see below). This tumor DNA was preferentially cleaved in an uneven manner that was similar to what was done with the HPV-16 genomes in SiHa and CaSki cells, with strong methylation of all segments between positions 3471 and 7173. The 7145-557 and 2501-3501 segments were moderately methylated, while there was low methylation in the segment We also examined the DNA from a carcinoma, whose LCR-E6 segment, like those of nearly all of the tumors we studied, had no detectable DNA methylation (see below). The DNA of tumor 4 was not cleaved by McrBC throughout the HPV-16 genome (Fig. 2B) . The segment 5367-6370 led only to a weak amplicon. We also analyzed the complete HPV-16 genome of a precursor lesion (CIN I). None of the amplicons of this sample, initially found to have a hypomethylated LCR-E6 region (see below), was cleaved by McrBC.
We conclude that HPV-16 DNA can be extensively modified by DNA methylation, that methylation varies quantitatively in different parts of the genome, and that hypermethylation in three DNA isolates correlates with the positions of the late genes. Methylation of HPV-16 DNA is not necessary but depends on as-yet-unknown circumstances, as suggested by the lack of detectable methylation in two lesions, with the tumor and CIN I likely containing integrated and episomal DNA, respectively.
HPV-16 methylation is frequent in asymptomatic smears, uncommon in precursors lesions, and rare in carcinomas. Since we asked whether CpG methylation occurs only sporadically in cell lines and invasive carcinomas or is frequent in clinical specimens, we analyzed DNA from cervical smears classified as being normal (asymptomatic smears), biopsies of low-grade and high-grade precursor lesions (CIN I and CIN III), and invasive carcinomas by McrBC digestion and PCR amplification. The strategy and selected data are shown in Fig.  3 .
We examined DNA from 48 clinical specimens from New Mexico and 33 from Brazil. Among the latter group of specimens, 8 of 14 asymptomatic smears, 0 of 3 CIN I lesions, and 2 of 16 samples from carcinomas contained hypermethylated viral DNA ( Table 2) . One of these two carcinoma DNAs was lightly methylated, while the other, from tumor 6, was strongly (Table 2) . A scan of the methylation pattern of the whole HPV-16 genome from cervical smears of asymptomatic patients could not be attempted because of the small amounts of DNA available.
Mapping of meCpGs by bisulfite modification. meCpGs can be mapped precisely by sequencing after bisulfite modification (14) . As it is very laborious to completely analyze 7.9-kb genomes in numerous samples, we used this technique only for selected samples and an analysis of the enhancer-promoter region between genomic positions 7498 and 161. This segment contains 11 CpGs, at positions 7535, 7554, 7677, 7683, 7695, 7862, 31, 37, 43, 52, and 58 (Fig. 1) . The first five of these CpGs are in close proximity to important AP1 and NFI sites of the We also studied 15 patient samples by bisulfite modification (Table 3 ). In five asymptomatic smears, all 11 CpGs were methylated. In two separate CIN I samples, three and four of the five CpGs at the promoter were not methylated, while all CpGs of the enhancer were methylated in one sample and two were methylated in the other. In the five invasive tumors, we observed heterogeneous methylation patterns, while in a CIN III sample and two tumor samples, all CpGs of the enhancer and promoter were methylated. Notably, however, the only CpG residue between the enhancer and promoter (position 7862) was unmethylated in these three samples and all other CIN and invasive cancer lesions. This site is the only CpG dinucleotide between the two specifically positioned nucleosomes that overlap the enhancer and promoter elements and is close to CDP and AP-1 sites that are essential for transcriptional repression and activation during epithelial differentiation (5, 30, 42, 43) . We conclude that bisulfite modification detected the same trend of hypomethylation, when lesions were compared with asymptomatic smears, as that observed with McrBC cleavage, although the latter technique is less sensitive and underreported CpG methylation.
DISCUSSION
Our data provide compelling evidence that the HPV-16 genome is efficiently modified by cellular DNA methylation and raise questions about how HPV-16 genomes are recognized, which role DNA methylation has in the HPV-16 life cycle, and whether analyzing methylation helps us to understand the etiology of and to diagnose cervical cancer.
Our data suggest that the recognition of HPV-16 DNA is not based on a single physical property. HPV-16 DNA is efficiently targeted as an episome, since we observed methylation very frequently in asymptomatic smears, which generally contain only episomally replicating HPV-16. However, since we also detected methylation in a few invasive tumors and in cell lines, which typically contain HPV-16 genomes integrated into chromosomal DNA (40, 52) , one may consider that either arrangement into tandem repeats or chromosomal recombination also provides a methylation signal. Repeated DNA is known to be a preferred target for CpG methylation (51) , and in the case of cottontail rabbit papillomavirus, tandem repeats of the viral DNA that were generated during progression of cutaneous lesions correlated with increased methylation (44, 50) . Even in the absence of tandem arrangements, nontranscribed parts of the single intrachromosomal HPV-16 genome are strongly methylated in the SiHa cell line, suggesting that recombination per se is a de novo methylation signal, as extensively studied in the adenovirus system, which has been the paradigm for DNA methylation studies for more than 20 years (33, 46) .
We showed by meCpG mapping that the methylation of the HPV-16 LCR does not follow a singular and simple pattern but that groups of CpGs in alternative locations and with alternative extents can become modified. Methylation of numerous CpGs of the enhancer may indicate repression of its function. It is known that CpG methylation does not interfere with binding of the E6 promoter factor Sp1 (19) , while it displaces E2 protein (48) , which, however, is a repressor of the P97 promoter. Therefore, a methylated promoter may be transcrip- Fig.  3 .
b Data from both cohorts were combined, results with CIN I and CIN III were united into one group of precursor lesions, and DNA preparations that could not be amplified were omitted. 
The five CpGs between positions 7535 and 7695 are close to cis-responsive elements of the viral enhancer; the CpGs between positions 31 and 58 overlap with promoter elements; and the CpG at position 7862 is located between the borders of two specifically positioned nucleosomes, one of which overlaps the enhancer while the other overlaps the promoter. b ϩ, methylation; Ϫ, lack of methylation; Ϯ, both methylated and unmethylated residues in the same sample; ?, unknown.
tionally active independent of the epithelial specific enhancer, particularly as it is under the stimulatory influence of the nuclear matrix attachment region in the E6 gene (43) .
The normal HPV-16 life cycle is restricted to asymptomatic infections and CIN lesions, while carcinogenic progression is an accident, as there is no further virus production. Consequently, the high prevalence of methylated HPV-16 genomes in asymptomatic epithelia may indicate that methylation is part of normal HPV-16 biology. Two speculative and opposing views might explain this observation. The cell may have an antiviral defense that senses viral DNA as foreign and targets it for transcriptional repression. Alternatively, DNA methylation may be yet another example of the numerous strategies developed by HPVs that favor a subclinical, long-term maintenance of the viral infection (5) . Such a model would be reminiscent of the life cycle of Epstein-Barr virus, which includes DNA methylation-dependent silencing of a specific promoter during one form of latency (35, 36) . Likewise, the HPV genome may contain molecular properties that induce methylation-dependent latency under some conditions, while under different conditions this mechanism may be overruled. This could be achieved by the conserved nuclear matrix attachment regions (43) and Sp1 sites at the E6 promoters of all genital HPVs (47) . Both elements have been reported to antagonize DNA methylation in the context of certain cellular genes (8, 12, 23) . Preferential methylation of late genes may suggest an additional role in the early-late switch, which is a multifaceted event involving differential promoter usage, splicing, elongation, and mRNA stability (2, 29) . This possibility has been discussed based on studies of the HPV-1 genome with the limited HpaII/MspI technology (9) .
Our data document the power of molecular diagnoses by revealing the epigenetic diversity of pathologically similar samples. The analysis is limited by the problem that one may study DNA populations that may be heterogeneous due to inclusion of surgical margins, different progression stages within one biopsy, and molecularly divergent HPV-16 genomes even in single cells. McrBC is an excellent tool for a crude scan of whole viral genomes but may be prone to underreporting of meCpGs, as suggested by the detection of meCpGs in bisulfitemodified tumor DNAs, which were not cleaved by McrBC. HPV DNA methylation may become important for the diagnosis of cervical smears if further research confirms that asymptomatic infections and precursor lesions fall into classes that either express or repress the viral oncogenes, leading to different prognoses, as E6/E7 expression is required for continued transformation and viability of HPV-containing tumors and tumor cell lines (13) .
